An optically addressed spatial light modulator based on a thin film of chemically enhanced bacteriorhodopsin is demonstrated. Incoherent-to-coherent light conversion is achieved by exploitation of both the large shift in absorption maxima accompanying the bR -M phototransformation and the extended M-intermediate lifetime resulting from the chemical enhancement of the protein at high pH. The device exhibits a linear dynamic range of 120:1 at 514 nm and a resolution of -100 line pairs/mm. Spatial light modulators (SLM's) provide the realtime input-output interfaces and the processing elements fundamental to nearly all optical processing systems.' At present, one of the key limitations precluding the widespread implementation of these types of system is the general absence of SLM's that possess high resolution, large space-bandwidth product, long-term stability, adequate speed, and low cost. Most of these shortcomings can be directly attributed to device material limitations. In this Letter we demonstrate an optically addressed SLM based on a thin polymeric film containing bacteriorhodopsin.
Spatial light modulators (SLM's) provide the realtime input-output interfaces and the processing elements fundamental to nearly all optical processing systems.' At present, one of the key limitations precluding the widespread implementation of these types of system is the general absence of SLM's that possess high resolution, large space-bandwidth product, long-term stability, adequate speed, and low cost. Most of these shortcomings can be directly attributed to device material limitations. In this Letter we demonstrate an optically addressed SLM based on a thin polymeric film containing bacteriorhodopsin.
Bacteriorhodopsin (BR) is the photochromic protein found in the purple membrane of the bacterium Halobacterium salinarium.A 3 On the absorption of light energy by an internally bound retinyl chromophore, BR undergoes a complex photocycle characterized by several spectroscopically distinct thermal intermediates (see Fig. 1 ). A number of investigations describing BR's use in optical applications were recently reported. 3 -8 The significant feature of this biomaterial derives from the potential of modifying the protein's photochromic properties through chemical enhancement or by genetic manipulation of the native protein. We have focused on chemically enhanced films containing the wild-type protein, diaminopropane, and guanidine hydrochloride in a poly(vinylalcohol) matrix. Compared with a film containing only the native protein at pH -7, the film prepared in this investigation showed a >103 increase in the M-intermediate lifetime. We fabricated the film by pipetting -700 A.L of a solution (pH > 9) containing concentrated BR, poly(vinylalcohol), guanidine hydrochloride, and diaminopropane onto a glass disk. 9 The cast film was dried for 48 h and subsequently sandwiched between this and another glass disk. The film was of high optical quality over an aperture of 20 mm and exhibited an M-lifetime of 7 s. The optical density of the film, measured at 570 nm, was -5. 4 , and the film thickness was -200 /um.
The two important photochemical states in the BR photocycle relevant to this investigation are referred to as bR and M. bR represents the ground state, characterized by a strong absorption in the greenyellow region of the visible spectrum (Amae = 568 nm).
M denotes the longest-lived thermal intermediate in the photocycle and exhibits a strongly blue-shifted absorption spectrum (Amax = 412 nm) relative to the ground state. Figure 2 shows the experimentally determined absorbance spectrum for each state in the BR film. Since the M intermediate has a significantly longer lifetime than all other thermal intermediates in the protein photocycle, the photocycle can be simplified to a two-state photochromic system: where 1)j and D2 represent the forward and reverse quantum yields, 10 respectively. The light-transmission properties of the film can be analyzed with the scheme shown above. The differential equation describing the rate of change of the concentration of bR is 
Nahc where 1D is the quantum yield for the forward (or reverse) photoreaction. e(A) is the corresponding molar extinction coefficient for the photoreaction considered, I(A) is the illumination intensity (mW/cm 2 ), Na is Avogadro's number, h is Planck's constant, and c is the speed of light. (4), we obtained the intensity dependent transmission characteristics of the thin film at 514 nm. The results are shown in Fig. 3 . The principle of the optically addressed BR SLM follows from the discussion above. The transmittance of a weak coherent readout beam is controlled by an incoherent light distribution containing the input information. For example, at a readout light wavelength of 514 nm the minimum transmittance of the film can be predicted from the absorption spectra given in Fig. 2 as Tmin -10-3 7. On the application of the incoherent write beam, bR -M photochemistry blue shifts the absorption band of the illuminated regions of the BR film. The maximum transmittance for the reading light is now given by Tmax = 10-06, after nearly complete conversion of bR to M. Thus the transmittance of the film to the reading light is controlled by the write-beam intensity. The dynamic range of the film transmittance at 514 nm, which we define as Tniax/Tmin, is estimated to be -103. The dynamic range is expected to improve to >104 if readout is performed at the absorption maximum of bR.
The experimental setup used for characterizing the transmission properties of the BR SLM is shown in Fig. 4 . An input transparency, illuminated by a tungsten white-light source, is imaged onto the BR film by lens L1. A bandpass filter (400-800 nm) selects only the visible portion of the spectrum emitted from the lamp. The 514-nm line from an argon-ion laser serves as the source of coherent readout. A narrow-band interference filter eliminates the transmitted white light. The combination of a polarizing beam splitter and a polarizer further excludes extraneous white light within the bandwidth of the interference filter such that only coherent laser light is detected at the output plane. Detectors 1 and 2 are used to monitor the intensities of the reading and writing lights, respectively. The low intensity of the readout beam permitted nondestructive coherent readout of the image. Figure 5 shows the film's transmission response as a function of white-light intensity for a 5 mm x 5 mm input aperture. It can be seen from the curve that a dynamic range of -200 is achieved. This result is consistent with the prediction from the absorbance measurements given in Fig. 2 . We measured the resolution of the BR SLM by placing a U.S. Air Force resolution chart in the input plane of Fig. 3 . An additional lens, L2, placed behind the film, was used to image the pattern into the film plane of a 35-mm camera. Because of the small numerical aperture of the imaging lenses, the image of the resolution chart was demagnified to 1/2.5 of its original size. Figure 6 shows a picture of the chart image readout from the device. The highest resolvable group was found to be group 5, element 3, which corresponds to a resolution of 100 line pairs/mm after correction for image demagnification. The measured resolution was found to be limited by the resolution of the imaging lenses, which were ordinary 35-mm camera lenses. The intrinsic resolution of the BR film is known to exceed 2000 line pairs/mm. 1 1 The space-bandwidth product (number of resolvable pixels) of the device was calculated to be -106. The write speed was found to be proportional to the intensity of the write light and ranged from several seconds, at moderate write intensities, to hundreds of milliseconds at maximum intensities.
In summary, we have demonstrated an optically addressed spatial light modulator based on a thin film containing chemically enhanced bacteriorhodopsin. The notable features of the device include structural simplicity, large space-bandwidth product, low cost, and no need for an electrical control circuit.
